Vacuolar-type H + -ATPase (VHA) plays a convergent role in promoting Symbiodinium photosynthesis in giant clams and corals suggesting VHA as a common exaptation for carbon concentration in marine photosymbioses.
Introduction
Photosymbiosis, a partnership in which a host organism harbors photosynthetic microbial or algal cells, provides competitive advantages to hosts through increased energy availability, and to symbionts through translocation of nutrients, particularly dissolved organic nitrogen (Roth, 2014) . This arrangement can be particularly advantageous in nutrient-poor environments such as tropical coral reefs, where multiple independent photosymbioses have emerged between dinoflagellate algae of the genus Symbiodinium and a diverse array of hosts including scleractinian corals, sea anemones (Trench, 1987) and also with molluscs (Yonge, 1975) such as the tridacnid "giant clams".
Tridacnid clams are the largest living bivalves and are found throughout the tropical Indo-Pacific, where they live in close association with reef-building corals (Knop, 1996; Yonge, 1975) . All described tridacnid species (Huelsken et al., 2013; Othman et al., 2010) exhibit symbiotic partnerships with Symbiodinium hosted extracellularly in modified extensions of the digestive system called zooxanthellae tubules or "Z-tubules". These tubules extend upwards from the stomach into the light-exposed tissue of the siphonal mantle where they are ultimately arranged roughly perpendicular to incoming solar radiation ( Fig. 1) (Holt et al., 2014; Knop, 1996; Norton and Jones, 1992) . Despite the fact that endosymbiotic Symbiodinium are intracellular in corals and extracellular in clams, the algal symbionts provide similar benefits to the hosts: a source of photosynthetic reduced carbon than can exceed respiratory demand in both coral (~150%) (Muscatine et al., 1984) and Tridacna (up to 400%) (Klumpp and Griffith, 1994) .
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In corals, Symbiodiunium photosynthesis has recently been shown to be stimulated by vacuolar-type H + -ATPase (VHA) from host cells (Barott et al., 2015) . VHA, an enzyme found in all eukaryotes, utilizes energy from ATP hydrolysis to transport H + across biological membranes (Stevens and Forgac, 1997; Tresguerres, 2016) . In coral, VHA acidifies the symbiosomal compartment where Symbiodinium resides, and pharmacological VHA inhibition impairs net symbiont photosynthetic O2 production by up to 80% (Barott et al., 2015) . Those results indicate VHA is part of a host-controlled CCM that drives the speciation of inorganic carbon (Ci) into CO2, which is essential because dinoflagellate Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCo), the terminal enzyme in carbon fixation, has low affinity for CO2 over O2 (Leggat et al., 2002; Rowan et al., 1996) .
Tridacnid clams have also been hypothesized to utilize CCMs to promote Symbiodinium photosynthesis (Leggat et al., 1999; Yellowlees et al., 1993) . The evidence includes high abundance of carbonic anhydrases (CAs) in the siphonal mantle (Yellowlees et al., 1993) , as well a recent paper reporting of VHA subunit A (VHAA) in epithelial cells of Symbiodiniumcontaining Z-tubules (Ip et al., 2018) . Furthermore, freshly isolated Symbiodinium sustain much greater photosynthetic rates in the presence of CO2 compared to HCO3 - (Leggat et al., 1999; Yellowlees et al., 1993) , which is consistent with a CCM controlled by the clam. However, functional evidence for this potential CCM is thus far lacking.
Here, we observed VHA subunit B (VHAB) is abundantly expressed in the apical To procure tissue samples for Western blots, juvenile T. maxima (n=3) were vivisected and gill, siphonal and byssal mantle samples were frozen in liquid nitrogen and ground to a fine powder with a pestle in a ceramic mortar. For each clam, 0.1 g of tissue was combined with 500 µL of ice-cold S22 buffer (450 mM NaCl, 10 mM KCL, 58 mM MgCl2, 10 mM CaCl2, 100 mM Hepes, pH 7.8) containing a protease inhibitor cocktail (catalog no. P8340, SigmaAldrich, St.
Louis, MO, USA) and a phosphatase inhibitor mix (PhosStop, Roche Applied Science, Penzberg, Germany), and homogenized in a glass homogenizer. After a low-speed centrifugation (100 g for 2 min) to remove tissue debris, Symbiodinium cells were pelleted by centrifugation (500 g for 10 min at 4 °C). The resulting supernatant was centrifuged (2100 g for 30 min at 4 °C), and the "crude homogenate" supernatant fraction was removed from pelleted membranes. Symbiodinium and membrane-pellets were each resuspended in 100 µL of ice-cold homogenization buffer.
Protein concentration was determined in triplicate by Bradford Assay (Bio-Rad, Hercules, CA, USA). Western blotting was conducted as previously described (Roa et al., 2014) .
In brief, 57-74 μg of total protein were separated on polyacrylamide mini gel (60 V 15 min, 200 V 45 min) and transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad). PVDF membranes were then incubated in blocking buffer (TBS-T with 5% non-fat powdered milk) at room temperature for 1 h before incubation in the primary antibody (30 μg ml -1 in blocking buffer) at 4 °C overnight. PVDF membranes were washed three times in TBS-T and incubated in secondary antibody (1:10,000) at room temperature for 1 h. Bands were visualized through addition of ECL Prime Western Blotting Detection Reagent (GE Healthcare, Waukesha, WI, USA) and imaged and analyzed in a BioRad Universal III Hood using ImageQuant software (BioRad). PVDF membranes incubated in blocking buffer with anti-VHA antibodies and 1000fold excess (mol:mol) blocking peptide served as peptide pre-absorption control (Fig. 2) .
(c) VHA Immunolocalization
Siphonal mantle tissue samples containing symbiotic algae (~1 cm x 1 cm x 0.5 mm thick) and gill (~1 cm x 1 cm x 0.5 mm) were vivisected from juvenile clams (n=6) and immersed in fixative (0.1M sodium cacodylate buffer, 3% paraformaldehyde and 0.35% glutaraldehyde; Electron Microscopy Sciences, Hatfield, PA, USA) for 6 hours at 4 °C. Tissue samples were then transferred to 50% ethanol for 6 h, and stored in 70% ethanol, followed by dehydration in 95% ethanol (10 min), 100% ethanol (10 min), and xylene (3 x 10 min) prior to paraffin embedding (55 °C, 3 x 10 min). The next day, tissue samples were sectioned at 12 µm using a rotary microtome and three consecutive sections were attached on glass slides and placed on a slide warmer (overnight at 37 °C). Paraffin was removed by xylene (3 x 10 min), and tissue Journal of Experimental Biology • Accepted manuscript sections were serially rehydrated in 100% ethanol (10 min), 70% ethanol (10 min), and 0.2% Triton X-100 TBS-T in phosphate buffered saline (PBS) (10 min). After blocking (0.2% Triton X-100, 2% normal goat serum, and 0.02% keyhole limpet hemocyanin in phosphate buffered saline, pH 7.8, 1 h), tissue sections were incubated with anti-VHAB antibodies (3 µg mL -1 in blocking buffer) (overnight at 4 °C). Tissue sections were then washed three times in PBS, incubated with the secondary antibody (1:500, goat anti-rabbit Alexa 555) (1h at room temperature), and stained with Hoescht 33342 (Invitrogen, Grand Island, NY, USA) at 5 µg mL -1 for 5 min to visualize nuclei. Controls were prepared as above except sections were incubated with anti-VHAB antibodies and 1000-fold excess (mol:mol) blocking peptide.
Immunofluorescence was detected with an epifluorescence and structured illumination microscope (Zeiss AxioObserver Z1 with Apotome2). Digital images were adjusted for brightness and contrast only using Zeiss Axiovision software.
(d) O2 consumption and production rates
Photosynthetic activity and aerobic metabolism were estimated by closed-cell respirometry at 27 ± 1 °C. O2 consumption rate was measured in the dark on freshly vivisected ~ 2 mm x 2 mm sections of siphonal mantle tissue immersed in seawater containing 1% DMSO in sealed glass vials (750 µL volume) using a PreSens OxyDish Reader (Loligo 1421-01). Similar glass vials without tissue served as controls to correct for background O2 consumption.
Concentration of dissolved O2 was measured every 10 s for 5 min after which recording was stopped and tissue samples were removed from respirometry cells, gently patted dry, and weighed. O2 consumption rate was calculated from the raw data by linear regression, normalized by mass and corrected with no-tissue control blanks. For a subset of tissue samples, O2
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consumption rates were also measured post-light-exposure to examine phototrophic effects on aerobic metabolism. These samples were prepared as above, but were incubated in bright light supplied by a 28W fluorescent light source (Coralife model 5300, 10K/420nm actinic bulbs) with tissue exposed to an average irradiance of 234.65 ± 0.775 µmol photons m -2 s -1 (PAR scalar irradiance sensor, Biospherical Instruments, Model QSL2101) for 20 min prior to immediately measuring dissolved O2 concentrations in the dark.
In order to assess the effect of VHA-inhibition on photosynthetic productivity, a second series of experiments was conducted in the presence of the highly specific VHA inhibitors bafilomycin A1 and concanamycin A (Dröse and Altendorf, 1983; Huss and Wieczorek, 2009 ).
Tissue samples were vivisected in triplicate from each of three individual clams (total n =9) and incubated in sealed vials containing seawater and 1% DMSO under constant illumination (same conditions as described for measurement of phototrophic effects) for 10 min before recording began at 30 s sampling intervals for a further 10 min to establish baseline O2 production rate.
Media was then replaced with either seawater containing 1% DMSO, or seawater containing the VHA inhibitor bafilomycin A1 (1 µM solution in DMSO, final concentration 1%). After a 15 min incubation period, recording resumed at 30 s sampling intervals for 10 min. In total, inhibition experiments took ~ 45 min from vivisection to end of data collection and all tissue samples were dried and weighed at the conclusion of the experiment.
The effect of pharmacological VHA inhibition on gross O2 production rates under fieldrelevant illumination conditions was determined using end-point respirometry. Siphonal mantle tissues from freshly vivisected adult clams (four samples from four different clams, total n = 16) were placed in replicate 1.5 mL microcentrifuge tubes containing seawater with either 1% DMSO, or 1 µM concanamycin A1 in DMSO (final concentration 1%). Half of the replicate Journal of Experimental Biology • Accepted manuscript tubes were wrapped with aluminum foil to block light and allow for measurement of respiration rates (n=8), while the other half were left unwrapped (n=8). Tubes containing no clam tissue samples were used to correct for background O2 production as described previously. All samples were transferred to outdoor holding tanks at 27 °C and experiments were performed under ambient solar irradiance (~14:00 -15:30 h). Tissues in the photosynthetic treatments were continuously exposed to ~ 1,980 ± 40 µmol photons m -2 s -1 as measured with a Mastech Digital Lux Meter (MS6612) for 25 min prior to measurement of end-point concentration. After 25 min of exposure, microcentrifuge tubes were mixed by gently rocking and seawater samples were immediately pipetted into the glass vials of the OxyDish reader. Concentration of dissolved O2 was measured for 3 min in each vial and averaged to give final end-point O2 concentrations for each treatment. Tissues were dried and weighed, and gross O2 production rates were calculated as the mass-normalized rate of O2 production in the light-exposed treatments plus the massnormalized O2 consumption rates of the dark treatment for each tissue.
(e) Statistical analyses
Photosynthetic rates were estimated from raw data by linear regression using the linear model (lm) function of the stats package in the statistical software program R (v. 3.2.2). Rates post-addition of the inhibitor bafilomycin A1 were then normalized against initial rates for each treatment to generate relative O2 production data. End point respirometry data were similarly normalized against mean O2 production in the DMSO control treatment to give relative rates.
All data were then tested for normality using the shapiro.test and test_normality functions of the stats and LambertW packages in R. Homogeneity of variance across treatments was confirmed using the var.test function of the LambertW package. Subsequent hypothesis testing was Journal of Experimental Biology • Accepted manuscript performed using paired, two-tailed t-Tests (with significance threshold p < 0.05) comparing photosynthetic rates post-addition of inhibitor to those measured prior within the same tissue sample. All data are given as mean with S.E.M.
Because of their status as protected species, collection of giant clams from the wild was strictly limited to specimens >12 cm in shell length which were rare on easily accessible reefs.
As a result, only three/four individuals were available for bafilomycin/concanamycin inhibition experiments respectively. However, both VHA inhibitors impeded O2 production to the same degree, so our conclusions are supported by results from independent samples from seven clams under pharmacological VHA inhibition.
Results and discussion

VHA is highly abundant in T. maxima siphonal mantle tubules
Western blot analyses revealed very high VHAB abundance in T. maxima siphonal mantle, and much lower abundance in Symbiodinium, clam byssal mantle, and gill ( Fig. 2-3 ).
Immunolabeling revealed VHAB was abundantly present in cells in the siphonal mantle ( Fig. 4 ), similar to VHAB in T. squamosa (Ip et al., 2018) . Specifically, VHA was present in the apical membrane of epithelial Z-tubule cells, indicating VHA secretes H + into the lumen where Symbiodinium are present.
Clam VHA promotes Symbiodinium photosynthesis
To explore whether VHA promotes Symbiodinium photosynthesis, we tested the effect of pharmacological VHA inhibition on net O2 production by isolated siphonal mantle tissue. Under artificial illumination (~235 µmol photons m -2 s -1 ), VHA inhibition with bafilomycin A1 significantly reduced net O2 production by 37 ± 14 % (Paired, two-tailed t-Test, p < 0.05; Fig. Journal of Experimental Biology • Accepted manuscript 5A, B). Because light intensity in coral reefs is typically much greater, we next tested the effects of VHA inhibition with concanamycin A on siphonal mantle samples exposed to natural tropical sunlight (~2,000 µmol photons m -2 s -1 ). In these trials, gross O2 production rates were also significantly reduced, this time by 38 ± 26 % (Paired, two-tailed t-Test, p < 0.05; Fig. 5C ). Given that VHA abundance in Z-tubule cells is much greater than in Symbiodinium, where it is not visible by immunofluorescence ( Figure 4 ) and barely detectable by Western Blotting (Figure 3) , and that VHA inhibition does not affect O2 production in Symbiodinium isolated from coral (Barott et al., 2015) , we conclude the VHA responsible for stimulating O2 production in our experiments belongs to host clam cells. This indicates that, similar to scleractinian corals (Barott et al., 2015) , VHA activity in is part of a host-controlled CCM that allows Symbiodinum to photosynthesize despite having RuBisCo with a low affinity for CO2.
A model CCM in the tridacnid clam-Symbiodinium symbiosis is shown in Figure 6 H + is then actively transported by VHA into the Z-tubule lumen, resulting in tubular acidification as well as in the generation of an electromotive force for HCO3secretion. Within the tubule lumen, host-derived extracellular CAs could then dehydrate HCO3and H + back to CO2, which then diffuses into Symbiodinium to be fixed into organic carbon compounds during photosynthesis. Additionally, HCO3present in the Z-tubule lumen derived from external seawater might also be dehydrated into CO2 and taken up by Symbiodinium (Ip et al., 2018) .
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Several aspects of this CCM in coral and tridacnid clams remain unknown and will be explored through future research. For example, Symbiodinium expresses a P-type H + -ATPase (Bertucci et al., 2010; Mies et al., 2017a; Mies et al., 2017b) that is not sensitive to VHA inhibitors (An et al., 2001; Maeshima et al., 1999; Obermeyer, G. Kriechbaumer et al., 2008; Palmgrem, 1998) and might contribute to the CCM. Yet unidentified HCO3transporter(s) in host cells would also be required (working together with VHA) to deliver Ci to Symbiodinium whereas other CCMs should be present to drive CO2 across the various lipid membranes that separate Symbiodinium cytoplasm and RuBisCo, which is located in the chloroplast stroma and pyrenoid (Jenks and Gibbs, 2000) . In addition, regulation of additional aspects of the symbiosis by host VHA activity such as NH44 + and PO4 3supply, or Symbiodinium cell division (reviewed in Tresguerres et al., 2017) are other intriguing possibilities for future study.
Upregulation of aerobic respiration rate in the light
Finally, we investigated whether Symbiodinium photosynthetic activity stimulates aerobic respiration in T. maxima siphonal mantle biopsies. Indeed, mass-normalized O2 consumption rates increased from 22 ± 9 nmol O2 g -1 min -1 in the dark to 107 ± 21 nmol O2 g -1 min -1 after 20 min of light exposure. To what degree this five-fold increase in aerobic metabolic rate stems from the increased O2 concentration, or from increased availability of carbohydrates translocated from Symbiodinium to the giant clam host remains to be explored.
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